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Luminescence
Luminescence can be defined as being the radiation emitted by an atom or molecule after it has absorbed energy in order to go to an excited state. Luminescence is generally considered of two categories, fluorescence and phosphorescence, depending on the nature of the state. In short, fluorescence is the emission of light by a material that ceases as soon as the source is removed. In comparison, phosphorescence is mostly evident by an after-glow which can vary from a few milliseconds to hours 1 . Our investigation focused on development of two types of fluorescent materials and their properties were fully analysed using appropriate instrumentation including those described in this paper.
Excitation and detection
Selection of the light source
In order to improve experimentation and capability of luminescent work, it is highly desirable to understand the performance and limitation of the light sources suitable for this investigation. Our past experience in this area was found very useful in selecting the most suitable economical light source 2 . One of the most commonly available and used light sources for most steady-state spectrometers is the Xenon (Xe) arc lamp. These lamps provide a relatively continuous output in the visible spectrum from 250nm to 700nm; although their IR characteristics are extremely useful, they are not uniform.
Light emitting diodes (LED) and laser diodes are the most common type of semiconductor light sources. Laser diodes have many good attributes for our investigation due to their construction and operating principles. These devices offer good optical power and are flexible for use due to reducing size 3 . LEDs are extensively used as indicators and displays, combining advantages such as small size, long life, low operating temperature and compatibility with silicon integrated circuits. They are widely available in the visible and infrared regions of the emission spectrum, but only recently became commercially available in the UV region due to successful fabrication using Gallium Nitride (GaN) on sapphire 4,5 .
For the reason described above, and the fact that the cost is relatively low, a relatively new UV LED available from Nichia Corporation, model NSHU590A, was used as an integral part of our experiments 6 . For the evaluation of the UV samples, an LED emitting 373nm was chosen. Our own independent measurements showed the spectral peak is at 373nm with a full width half maximum (FWHM) of 7.3nm. This confirmed the manufacturers' data sheet quoted peak wavelength of 375 ±5nm..
Selection of the detector
There has been significant progress in optical devices as sensors and detectors in a variety of applications 7 . For the purpose of this investigation, three different types of detectors were considered for experimental work: Photomultiplier Tube (PMT), Photodiodes and linear Charge Coupled Devices (CCD). PMTs are light detectors that are useful in low intensity applications such as fluorescence spectroscopy. Due to high internal gain, PMTs are very sensitive detectors. Almost all equipment utilised for laboratory spectroscopy analysis incorporates a PMT as a means of detecting electromagnetic radiation, in particular, the UV, visible and near infra red (NIR) regions.
Although silicon photodiodes have a very good response time, of the order of 10 -9 seconds, they are somewhat limited on sensitivity when compared to the PMT. An alternative to the conventional photodiode is the avalanche photodiode, which provides some internal amplification, but not to the level of the PMT. A photodiode array (PDA) is a linear array of discrete photodiodes on an integrated circuit (IC) chip. For spectroscopy it is placed at the image plane of a spectrometer to allow a range of wavelengths to be detected simultaneously. PDA devices can be used in con-junction with a spectrograph for monitoring multiple wavelengths simultaneously. They can also be used for measuring decay of intensity of certain materials that fall within the response time.
A CCD is an integrated-circuit chip that contains an array of capacitors that store charge when light creates electronhole pairs. The charge accumulates and is read in a fixed time interval. CCDs are used in similar applications to other array detectors such as PDAs although the CCD is much more sensitive for measurement of low light levels. CCDs are being employed heavily in multi-channel instrumentation systems due to their good performance at affordable prices. PDAs cannot match the performance of PMTs with respect to signal-to-noise ratio, sensitivity, and dynamic range. In contrast, the performance characteristics of CCDs approach those of PMTs. For this experiment, the Sony ILX 511 linear image sensor will be evaluated for low to medium cost sensory systems for the use in analysing fluorescent materials. This device consists of 2048 pixels (14mm x 200mm) built in a 22-pin DIP package 8 .
Instrumentation
Host calibration and material analysis Host calibration was undertaken using a Double Monochromator Spectrometer (DMS).
The set-up configuration is shown in Figure 1 . The spectrometer consists of two monochromators, one for the excitation path and one for the emission path. The excitation monochromator incorporates a diffraction grating of 600 lines per millimetre (l/mm), compared to the emission monochromator that has a resolution of 0.05nm due to a diffraction grating of 1800 l/mm. A xenon arc lamp was used for the excitation source in combination with filters to ensure that second and third order effects were prevented from entering the emission monochromator. The sample cell is the location for the material to be analysed. Two detectors are shown: the PMT for capturing the low level emission from the sample that is being irradiated by the selected wavelength of the Xenon source; and secondly a reference detector. This reference detector provides a check that the system is functioning correctly.
The user interfaces with the spectrometer through a computer that in turn positions the gratings to the parameters entered. The computer is configured with a dedicated data acquisition system for handling data transfer and commands. The resultant spectrum is computed and presented graphically to the user.
The fluorescent product being investigated undergoes a chemical reaction when irradiated with ultra-violet (UV) radiation. It was observed that when the samples, of different print weight, were examined under a UV lamp a red glow was visible for all samples. Using the laboratory spectrometer one sample was examined in detail to establish their primarily absorption (excitation) wavelength, and their fluorescent emission curve.
Most commercially available UV lamps typically emit radiation at 365nm, although due to their construction a visible blue colour is present as well. To establish the peak absorption of the fluorescent sample, the excitation was adjusted between 350-380nm in four steps, and the resultant emission curves are shown in Figure 2 .
The peak excitation was shown to be 373nm, although 365nm was very close as illustrated above. The material response whilst being irradiated by any of the four excitation wavelengths, demonstrated a full width half maximum (FWHM) of less 10nm.
Variations in colour print have an effect that can be noticeable to the human eye, such as changes in print weight (density), but measuring variations in fluorescent ink vehicles requires detectors with sensitivity that far exceeds the human eye response. To demonstrate detector sensitivity for fluorescent materials, a number of samples with different print weight have been constructed for evaluation. For the evaluation of print weight versus red emission intensity, the chosen excitation was 373nm as this was found to be the peak absorption of the red fluorescent material. The most appropriate step interval for measuring emission step depends on the emitted wavelength. For the red emission spectrum, a step interval of 0.5nm was found to be adequate given the fact that the FWHM was less than 10nm. Four samples of the fluorescent red material of different print weight were used for the evaluation:s Control, Sample 1, Sample 2, Sample 3. It should be noted from Figure 3 that the emission of the red material appears to have two minor spikes instead of a singular peak. The reason for this is due to the improvement of the measurement resolution from 1nm to 0.5nm. Additionally, the intensity variations were clearly noticeable in relation to print weight.
CCD fixed position detection
The configuration for this experiment is much simpler, robust and cost-effective for most applications of luminescent analysis. The system block diagram in Figure 4 shows the individual components required and the order in which they are configured.
The light source in this case is a light emitting diode (LED) with an output peak of 373nm when driven from a constant current supply of 10mA. The material under investigation is located in the sample cell of which the fluorescent emission is scattered from the sample being irradiated, and optically guided through a filter to the fixed position grating. The grating is located on an optical bench that incorporates the CCD detector and mirrors to form the optical path. The particular arrangement is known as the Czerny-Turner layout.
The CCD detector consists of 2048 pixels configured in a linear array; the output of each pixel is converted to an electrical unit which is representative of the amount of energy that has fallen on each pixel. With the aid of dedicated electronics and software, these signals are converted and sent to a personal computer (PC) for post processing. This task computes the relative intensity against wavelength (nm) by utilising Universal Serial Bus (USB) connectivity.
Measurement operations
The software program provides a powerful tool for the user to communicate with the hardware in a bi-directional manner. The program discussed here was developed and compiled for operation with the CCD detector using the USB communication port. The program is split into three areas: Spectrometer parameters, graph and range, and spectra respectively, with a graphical representation of wavelength versus intensity.
One of the most important parameters was the spectrometer integration time. This is an adjustable parameter which allows the user to determine the amount of time the CCD detector is subjected to incoming photons via the optical bench. The spectrometer average parameter can be adjusted to enable the user to set the number of spectral acquisitions that are accumulated by the device driver prior to the software program receiving a final spectrum. The higher the value entered results in an improved signal to noise. Boxcar allows the user to smooth the data using adjacent points. By increasing this parameter the smoothing filter becomes wider which improves the signal to noise, but also reduces the spectral resolution.
Correct for Electrical Dark allows the user to select or de-select a correction for electrical dark noise. When selected, a number of pixels within the CCD detector are blocked from incoming photons, however the electrical signal of these pixels is measured and then subtracted from the entire spectrum.
With reference to the spectra measurement, Single is the button to click should the user require a single acquisition from the detector. Go can be enabled should the operator wish to acquire continuous streams of measurements, clicking on the Stop button will bring this action to an end once the last acquisition has been completed. These buttons enable the operator to view key parameters of the measurements being recorded. Seven columns are present which will be explained with measurements recorded from our four samples (Control, Sample 1, Sample 2, and Sample 3).
Results and discussion
The raw data from the software device driver was captured, processed and stored to a file for each of the four samples, which provided confirmation of system functionality and the first spectral measurements of the CCD detector for the UV to red emissions. Figure 5 shows four measurements recorded from the samples being evaluated for the red emissions. It can be seen that the trend in the variations is similar to that witnessed by the double monochromator spectrometer measurements recorded earlier, in Figure 3 .
Once again it can be observed that the FWHM is less than 10nm for each of the samples, and that the differential between each intensity curve is similar to that recorded using the DMS. Figure 6 shows four measurements recorded from the samples being evaluated for the red fluorescent emissions. The control sample has a tick in the first column which signifies that this sample is the reference and all other samples in the table will be measured against this one. Column 3 confirms the peak wavelength (nanometres, _) of the samples whilst column 4 displays the relative intensity values of the peak wavelength. This can be seen graphically in the spectra window. Being that the control sample has a tick in Column 1, Sample 1, Sample 2, and Sample 3 were The Spectra window confirms each measurement by the coloured traces and the legend that appears in the bottom left-hand side of the control panel. The vertical axis of graph represents relative intensity and the horizontal axis is wavelength (_). The software control panel confirms the key parameters for all samples and the different intensity values for each of the samples. The results confirm the correct order of print weight by intensity, showing that sample 1 had the highest intensity compared to sample 3 with the lowest intensity value. The FWHM of the materials has been confirmed as 8.8nm. These measurements demonstrate successful implementation of software in comparison to the raw measurements recorded with the CCD detector, and earlier with the laboratory spectrometer.
Conclusions
Instrumentation aspects and associated experimental results corresponding to two alternative methods of detecting luminescence from printed samples irradiated by UV radiation were reported in this paper. The double monochromator spectrometer (DMS) offers superiority in analysis of materials in terms of resolution, PMT sensitivity and excellent signal-to-noise ratio, although experimental data shows that for resolutions down to 0.5nm an economical solution is provided. The low-cost CCD spectrometer can achieve merits in resolution, sensitivity and signal to noise, albeit not to the level of the DMS, but good enough to be considered for batch to batch measurement of ink formations and quality control measurements. The final outcome of the investigation was the prototype development of a fully integrated CCD spectrometer, tested, and evaluated for the use of UV printed fluorescent materials.
